ABSTRACT: The longest relaxation time (τ 1 ) of DNA confined in nanoslits is characterized, and its dependence on molecular weight (M) and channel height (h) is investigated. The relaxation time is extracted from the rotational autocorrelation function obtained from time-sequence images of confined DNA at equilibrium using fluorescence microscopy. We find that τ 1 ∼ M 2.45 h -0.92 , in partial agreement with the predictions of the blob theory (τ 1 ∼ M 5/2 h -7/6 ). The experimental results suggest that the assumptions of both a 2-dimensional self-avoiding walk of blobs and a 3-dimensional self-avoiding walk of polymer segments within blobs are valid, while the assumption of nondraining blobs is compromised. We also find (τ 1 /τ 1,bulk ) ∼ M 0.1 (R g,bulk /h) 0.92 , where τ 1,bulk is the bulk relaxation time and R g,bulk the bulk radius of gyration. Because of the very weak M dependence in above scalings, a master plot of (τ 1 /τ 1,bulk ) vs (R g,bulk /h) is constructed and is used to compare our results to other studies. The plot also provides a convenient way to estimate the relaxation time of DNA in varying degrees of confinement. Using the measured relaxation time and blob theory, we explain recent observations that a very large shear rate is required to deform DNA when it is confined to channels with a dimension comparable to or smaller than the bulk radius of gyration.
Introduction
With the development of nanotechnology, new applications have been created for separating and manipulating biomolecules with nanodevices. [1] [2] [3] [4] [5] [6] [7] It is therefore essential to understand the underlying physics and transport properties of highly confined macromolecules. Such knowledge will not only be important for the development of polymer physics but also could help the design and optimization in future applications such as separations and drug delivery.
Slitlike nanochannels with well-controlled dimensions and properties have served as a platform for systematic investigation of the dynamics of confined biomolecules. 1, 8 Such channels can be fabricated with standard microlithography techniques 9 and can have one dimension small enough to substantially change the behavior of macromolecules. The dynamics of a polymer confined in a slit and a circular tube has been predicted by de Gennes and co-workers [10] [11] [12] using blob theory. The theory describes a confined polymer as a string of blobs with diameters equal to the smallest dimension of the confinement and yields predictions for the scaling of the polymer equilibrium extension, diffusivity, and the longest relaxation time as a function of polymer molecular weight, chain rigidity, and the degree of confinement. In addition to blob theory, Odijk 13 proposed a deflection chain picture to describe the dynamics of a stiff chain confined in a circular tube with the diameter much smaller than its persistence length, b. Although both theories have existed for decades, they have only recently begun to be tested experimentally in well-defined geometries.
Several experimental and simulation studies have investigated the dynamics of DNA confined in rectangular channels. 2, 4, 14, 15 Jendrejack et al. 14, 15 used Brownian dynamics (BD) with a bead-spring model to simulate DNA behavior in a square channel. An excluded volume force was used to mimic the good solvent condition. Both intramolecular and wall-molecule hydrodynamic interactions were included in the simulations. Although the study focused on shear-induced migration of DNA, the dependence of the equilibrium extension of DNA (〈x〉 0 ) and the longest relaxation time (τ 1 ) on the channel size (h) were also examined. They found that 〈x〉 0 ∼ h -2/3 and τ 1 ∼ h -1/3 , in agreement with the predictions from blob theory. In an experimental study, Tegenfeldt et al. 2 showed that DNA were highly extended at equilibrium in nearly square nanochannels, and their equilibrium extensions were found to be proportional to the molecular weight, again in agreement with blob theory. In a later experimental study, Reisner et al. 4 determined the scaling of the longest relaxation time and equilibrium extension of DNA vs the size of square nanochannels. The longest relaxation times of DNA were extracted from a singleexponential fit to the decay of the autocorrelation function of the DNA extension. A strong transition was observed both in the scalings of τ 1 and 〈x〉 0 with h around h ≈ 140 nm, roughly corresponding to twice the persistence length of DNA. The experimental results were compared against the predictions given by blob theory for h > 2b and those inferred from the deflection chain model 13 for h < 2b. However, only a qualitative agreement was reached. Odijk 16 recently developed a theory to predict DNA extension at equilibrium in circular, square, and rectangular nanochannels. Both the bending free energy that rises from the molecular elasticity and the entropic free energy that rises from the reduction of the orientational and translational degree of freedom of molecule were taken into account in this theory. The predicted DNA stretches were close to those reported by Reisner et al. 4 and Jo et al. 7 However, it was noted that the prediction given for DNA extension in a rectangular channel will not be valid for DNA in very wide nanoslits because the assumption of small lateral fluctuations of DNA is not satisfied.
The relaxation behavior of DNA confined in a well-defined slitlike structure was first observed by Bakajin et al. 17 In this pioneering study, T4-DNA was hooked on obstacles and stretched electrohydrodynamically in small slits with heights of 5 µm, 300 nm, and 90 nm. Their relaxation behavior was observed after DNA disengaged from the obstacles and was found to be slower in shallower channels. However, the quantitative values of DNA relaxation time were not provided. Stigter 18 and Woo et al. 19, 20 performed Brownian dynamics simulations and reported satisfactory results comparing to those of Bakajin et al., but no comparison was made against the prediction of blob theory. Recently, Randall and Doyle 21, 22 and Randall 23 reported relaxation times of λ-, 2λ-, and T4-DNA in 2 µm high slits. The relaxation time of confined T4-DNA (with bulk radius of gyration (R g,bulk ) of ∼1.5 µm) was found to be almost double its bulk value.
The blob theory prediction of the scaling of τ 1 of polymers confined in a slit was examined by Hagita et al. 24 using dynamic Monte Carlo simulation with the bond fluctuation model. They found in good solvent τ 1 scales as M 2.5 , and the relaxation spectrum follows the same scaling down to the size of a blob. These findings are in agreement with blob theory. 12 Although the study did not consider hydrodynamic interactions, the results are still inspiring because blob theory also assumes no hydrodynamic interaction between blobs.
Chen et al. 25 simulated DNA conformation and diffusion in slits using the method of Jendrejack et al. 15 The same study also reported experiments of DNA diffusivity in slitlike channels with 0.3 < (R g,bulk /h) < 1. The simulations confirmed that the equilibrium DNA stretch is proportional to the -1/4 power of the slit height as predicted by blob theory. In addition, the simulations and experimental results for DNA diffusivity in different degrees of confinement agreed well with each other and were close to the prediction of blob theory. Usta et al. 26 employed the lattice Boltzmann method to simulate the confined polymer dynamics. Their results for diffusion of confined polymers in slit channels were essentially the same as those of Chen et al. 25 However, when we scrutinize the results of Chen et al. 25 and Usta et al., 26 it is clear that the dependence of diffusivity on the slit height is weaker than that predicted by blob theory.
Balducci et al. 27 measured the diffusivity of DNA in nanoslits over a much wider range of conditions 0.4 < (R g,bulk /h) < 15. The diffusivity was found to vary inversely with molecular weight when the channel height is smaller than R g,bulk . This scaling follows exactly the blob theory prediction and suggests complete screening of hydrodynamic interactions between blobs. A scaling analysis was provided to explain why the algebraic decay of the far-field hydrodynamic interaction is sufficient to eliminate large-length scale hydrodynamic cooperativity in the dynamics of quasi-two-dimensional polymers in good solvents. The scaling of DNA diffusivity with channel height was also investigated in detail. The dependence of DNA diffusivity was weaker than the blob theory prediction. In contrast to Reisner et al., 4 no drastic change in DNA diffusivity was observed when the height of slits approached the persistence length of DNA.
After surveying previous work, we find the relaxation behavior of a polymer confined in slitlike geometry has not been quantitatively investigated in experiments. The longest relaxation time of a polymer is fundamentally important because it defines the natural time constant of the molecule and characterizes how fast a polymer can react in response to an imposed flow. An important example is that a polymer will not appreciably deform from equilibrium until Weissenberg (Wi ) τ 1 γ ) approaches 1. 28 Here γ is the strain rate and can be either shear rate or elongation rate. Moreover, by determining the dependence of τ 1 and D on molecular weight and channel height, we can also investigate the effect of hydrodynamic interactions on the dynamics of a polymer in confinement. The goal of this study is to provide an accurate measurement of the longest relaxation time of DNA confined in slits and to test the applicability of de Gennes' blob theory for this scenario.
Scaling Arguments for Polymer Dynamics in a Slit
We consider a linear polymer with a persistence length b and a contour length Nb confined in a slitlike channel with height h smaller than the natural size of the chain but larger than b. Note that N is proportional to M, so we treat them as interchangeable variables in scaling expressions. de Gennes 10, 11 has described the behavior of such a chain using the blob picture. In the good solvent limit, de Gennes assumed (1) the chain can be thought of as a string of blobs with each blob having a diameter h, (2) these blobs are confined in the slit so their configuration follows a 2D self-avoiding walk (SAW), (3) there are no hydrodynamic interactions between blobs, and (4) chain segments within blobs are not aware of the presence of the confinement and behave as if they were under a 3D, nonconfined condition. Therefore, segments within a blob will follow a 3D SAW and interact hydrodynamically.
Following the above assumptions, the number of polymer segments g in each blob can be estimated using a simple geometrical argument:
where ν 3d is the Flory-Edwards exponent. 29 Throughout this study, we use "∼" to indicate that two quantities are proportional to each other, "≈" to indicate a numerical approximation to the quantity, and "=" to indicate that ν 2d and ν 3d have been substituted with their ideal values of 3/4 and 3/5, [10] [11] [12] 29 respectively. Although a more accurate value of ν 3d ) 0.588 has been obtained using renormalization group theory, 30 we follow de Gennes and use ν 3d ) 3/5 in all our derivations. We will discuss the influence of using ν 3d ) 0.588 instead of ν 3d ) 3/5 in a later section. The scaling of the nominal size R of a confined chain can be derived using the assumption of a 2D SAW of blobs and can be expressed as Equation 2 can also be obtained from Flory theory by minimizing the free energy of a SAW chain confined in a slit. 31, 32 The N and h dependence in eq 2 has been verified by ten Brinke and co-workers using lattice Monte Carlo simulation 33 and by Chen et al. 25 using bead-spring Brownian dynamics simulations.
In addition to the static behavior, dynamic properties of a confined chain can also be derived. To obtain the scaling of the longest relaxation time, we consider the force balance on a chain. The elastic force F elastic required to stretch a polymer from its equilibrium size R to R + δR has been shown by de Gennes that 12, 31, 34 where k B is the Boltzmann constant. Notice the excluded volume effect has been included in R. The drag force F drag applied by the solvent balances the elastic force and can be estimated:
(1)
where chain is the drag coefficient of the entire chain. δṘ is the time rate of change of δR. Equating these two forces leads to where the longest relaxation time is
Since hydrodynamic interaction is assumed to dominate within a blob, the drag coefficient of the chain is described by Substituting eqs 2 and 7 into eq 6, Brochard 12 has shown the scaling of the longest relaxation time τ 1 vs N , h , and b to be
The scaling of diffusivity D can be written as This scaling of D with N has been confirmed in our previous study. 27 However, the measured D showed a weaker dependence on h than predicted by eq 9.
We now consider another extreme case where the hydrodynamic interactions vanish even within blobs. The overall drag coefficient of a chain is then where b is the drag coefficient of a single segment. While b should be a function of h, we treat it as a constant because the typical width of a molecule (about 2 nm for a double-strained DNA) is much smaller than the slit heights considered in this study. 35 Using the same analysis as we have used to obtain eqs 8 and 9, we reach
The N and h dependence of eq 11 has been verified by Milchev and Binder 36 and Hagita et al. 24 using bond fluctuation Monte Carlo simulations. For convenience, we will refer to eqs 8 and 9 as Zimm-blob scaling and eqs 11 and 12 as Rouse-blob scaling.
Comparing experimental results with the predicted scalings, we should be able to verify the assumptions made in blob theory. For example, using the experimental scaling of D ∼ N -1 alone, one can readily infer that hydrodynamic interaction is screened between blobs. 27 However, it is not as straightforward to verify other assumptions because the dependence of D and τ 1 with N and h is usually a convolution of several assumptions. Therefore, we rearrange the above equations so individual assumptions can be independently examined. We find that although both D and τ 1 depend on chain , their product is independent of chain and is only a function of R : Therefore, we can calculate the experimental value of ν 2d (ν 2d,exp ) from the scaling of Dτ 1 with N and subsequently estimate the experimental value of ν 3d (ν 3d,exp ) from the scaling of Dτ 1 with h. Once ν 2d,exp and ν 3d,exp are known, we can substitute them back to eqs 8, 9, 11, and 12 to infer the expected dependence of τ 1 and D on h and to verify the assumption of dominating hydrodynamic interactions in blobs.
Longest Relaxation Time for Polymer Molecules
It is worthwhile to briefly review the definition of the longest relaxation time of a polymer chain in dilute solutions. For a polymer chain in either theta or good solvent, both Rouse and Zimm models predict that the longest conformational relaxation time (τ 1,c ) and the longest rotational relaxation time (τ 1,r ) are equal, while the longest stress relaxation time (τ 1,s ) is half of τ 1,c . 30, 32 Here τ 1,c can be defined by the ratio of the drag coefficient to the spring constant of the first normal coordinate. τ 1,r can be defined by the inverse of the dominating exponential decay rate of the autocorrelation function of the end-to-end vector of a chain. In single-molecule experiments using fluorescence microscopy, τ 1,s of DNA in bulk solutions is typically obtained by fitting the decay of the mean-squared stretch of an initially extended chain to a single exponential in the linear regime. 21, 22, [37] [38] [39] This method has been widely used because it requires relatively small ensembles due to the large perturbation from equilibrium. On the other hand, τ 1,c and τ 1,r are difficult to measure in bulk solutions because one needs to collect data over larger ensembles of many relaxation times to extract the time constant, but a molecule can stay in focus only for a short period of time. However, the rotational relaxation time of so-called type A polymer that carries a molecular dipole parallel to its end-to-end vector can be measured by dielectric spectroscopy. 40 In most single-molecule studies, τ 1,s is implicitly designated as the longest relaxation time. Therefore, we follow this tradition in the current study to avoid possible ambiguity.
Experiments

Channel and DNA Preparation.
The nanoslits used in this study were made with glass using the method described in Mao and Han. 9 The slits are 150 µm wide and 92-760 nm high. Their heights were determined from SEM images. The DNA samples used are λ-DNA halfmers (1/2λ ,24.25 ( 0.25 kbp), λ-DNA (λ, 48.5 kbp), λ-DNA dimers (2λ , 97 kbp), T4GT7-DNA (T4, 165.6 kbp), and a bacterial artificial chromosome (BAC) clone (12M9) (185 kbp). λ-DNA was purchased from New England Biolabs (NEB). λ-DNA halfmers were made by digesting λ-DNA with XbaI restriction enzyme(NEB). λ-DNA dimers were made using an oligoprotected ligation. 41 T4GT7-DNA was purchased from Nippon Gene. BAC-DNA was donated by U.S. Genomics. DNA samples were stained with YOYO-1 fluorescent dye (Molecular Probes) overnight at room temperature at a concentration of 1 dye molecule every 4 base pairs. DNA samples were diluted 2-10-fold immediately before experiments to reach an optimal concentration for observation. The experimental buffer is 0.5X TBE (Tris-Borate-EDTA) solution with an oxygen scavenger system consisting of 4% -mercaptoethanol (CabioChem), 7.26 mg/mL -D glucose, 0.37 µL/mL catalase (Roche), and 0.16 mg/mL glucose oxidase (Roche). The buffer viscosity η s is 1.075 cP at 22°C, 13.3% higher than water viscosity measured at the same temperature. The viscosity was determined using microrheology by measuring the diffusivity of 0.925 µm polystyrene beads (Polysciences). Nanochannels were filled the night before experiments with 0.5X TBE buffer and flushed by an electroosmosis flow at a field of 10 V/cm to remove bubbles and any residual chemicals left from the fabrication
process. The flushing buffer was replaced with the experimental buffer 2 h before experiments. A low electric field was used to prevent ion polarization in the channel. 42 DNA were driven into the channel using a field of ∼30 V/cm.
Image Acquisition and Analysis.
We observed single DNA molecules using an inverted Zeiss Axiovert 200 microscope with a Plan-Apochromat 100X (N.A. 1.40) oil-immersed objective. The images were taken with a Hamamatsu EB-CCD camera (model 7190-21) at the rate of 30 frames/s for all experiments except for T4-DNA and BAC-DNA (15 frames/s due to their long relaxation times). With our setup, 1 pixel represents 0.135 µm. 3600 frames were collected for each molecule. Averages were taken over ensembles containing 20-35 molecules. Images were processed using custom-developed code in Interactive Data Language (IDL). The background signal was subtracted from the image before the analysis. With the assumptions that the dyes are evenly distributed along the backbone of a DNA and the camera gain is a linear function of the fluorescent signal, the fluorescent intensity in a pixel is proportional to the total mass of DNA in that pixel. We calculate the total fluorescent intensity (I 0 ), the center of the mass vector (r cm ), and the radius of gyration tensor (G) of a DNA molecule in each frame:
where I mn is the fluorescent intensity of the pixel [m,n], and i and j represent x or y directions that are perpendicular to the smallest dimension of the slit (z direction). The in-plane diffusivity (D) can be obtained from the mean-square-displacement (MSD): 43 where δt is the lag time.
The radius of gyration tensor (G) carries information about the instantaneous size, shape, and orientation of the DNA. The radius of gyration (R g ) is the square root of the trace of G. The eigenvectors of G represent the principal and minor axes that describe the temporal orientation of the DNA. More importantly, the longest relaxation time of the DNA can be extracted from the rate of the change of DNA orientation. 44, 45 We first calculate the angle between the principal eigenvector and the x-axis:
where λ(t) is the eigenvalue associated with the principal eigenvector. The time autocorrelation function of θ(t) is defined by 45 where 〈 〉 denotes the ensemble average. θ 0 is the equilibrium average of θ(t) and is taken to be zero in our calculation. 46 We will show that this assumption is valid in a later section.
The physical reason that one can obtain the longest relaxation time by tracking the rotation of the principal eigenvector (P) of the radius of gyration tensor is because P is always parallel to the first normal coordinate of a chain 47 that represents the slowest mode of the chain's internal motion. We emphasize that the rotational relaxation time obtained by our method will be equal to τ 1,s or half of the true rotational relaxation time τ 1,r because the orientation of the principal axis is defined between π/2 and -π/2. Since the phase space is cut to half, the measured relaxation time becomes half of the true τ 1,r . This fact has been verified using BD simulations.
A small amount of photobleaching will always occur in single molecule DNA studies. We must carefully examine our data to make sure the DNA physical properties are temporally invariant. Two detrimental effects may associate with photobleaching on a stained DNA. Its contour length may shorten with time, and it may be nicked and eventually fragment. 41 We expect that DNA will diffuse and relax faster if it becomes shorter or more flexible. Therefore, by checking the time variation during the course of an experiment of either DNA diffusivity or relaxation time, we should be able to determine whether DNA is intact through the experiments. Since we are not able to obtain accurate relaxation times using short movies, we choose to use diffusivity as the indicator. We cut each of our movies into six submovies and compare the MSD curves from the ensemble average of the submovies. Figure  1 shows the result of such an analysis for λ-DNA in a 223 nm high slit. The MSD curves of the six different ensembles are very close to each other for δt < 1 s. They fluctuate at long lag time space (δt > 1 s) due to limited statistics while no sign of systemic change is observed. The inserted plot shows the value of MSD/4δt for δt < 1. The curve starts high and decays to a constant after 0.2 s. This initial surge is mainly caused by the noise in the DNA images. The same phenomenon occurs in colloid particle tracking experiments and has been investigated in detail by Savin and Doyle. 43 After the initial 0.2 s, the value of MSD/4δt is fairly constant and does not systematically vary over the six ensembles.
Results and Discussion
Measuring DNA Relaxation Time from Rotational
Autocorrelation Function. Given time-sequence images of DNA, one can extract the relaxation time not only from the rotational autocorrelation function but also from the stretch autocorrelation function (C s (δt)) that can be defined in a similar way as eq 19 with θ replaced with DNA stretch. However, we choose to measure τ 1 from the rotational autocorrelation function for two main reasons. First, the relaxation time measured from the stretch autocorrelation function is greatly affected by the blooming effect that also decays with time due to the photobleaching of fluorescent dyes. Therefore, C s (δt) becomes a
r cm,i (t) ) 1 convolution of two decay modes. When this happens, C s (δt) does not become a single-exponential decay even for δt g τ 1 .
Although we have tried to remove this artifact by making a correction to the raw data, the resulting autocorrelation curves are not consistently as good as those from the rotational autocorrelation function. On the other hand, since the blooming effect is isotropic, it has minimum effect on the measured orientation of the DNA. Second, it is difficult to estimate accurately the average stretch of DNA. Since the average value of the stretch must be subtracted from the temporal stretch in the calculation of C s (δt), its accuracy greatly affects the measured τ 1 . We have characterized such effects using Brownian dynamics simulations and found that errors in the average stretch generally lead to a smaller relaxation time compared to the true relaxation time. The signature of this problem is that the autocorrelation function does not decay to zero in the long time limit. In contrast, θ 0 requires no estimation from the experiments and should be zero because the average orientation of a DNA is isotropic. We have checked this assumption in our experiments and found it to be valid. Figure 2a shows a time sequence of a λ-DNA confined in a 223 nm slit, and Figure 2b shows a typical time evolution of the orientation angle θ(t) of a λ-DNA in this condition. Figure  2c shows the rotational autocorrelation function vs lag time in a linear scale. The dashed line is the single-exponential fit to extract the longest relaxation time. This plot also demonstrates that C r (δt) decays to zero in the long lag time limit and confirms the validity of our assumption of θ 0 ) 0. Figure 2d is identical to Figure 2c , but in a semilog scale. As can be seen, the autocorrelation function becomes a single-exponential decay when the lag time δt approaches τ 1 ≈ 0.67 s.
Relaxation Time and Diffusivity Scalings vs Channel
Height. We have measured the diffusivity and the longest relaxation time of λ-DNA in nanoslits with heights of 760, 475, 223, and 92 nm. The radius of gyration of λ-DNA is ∼670 nm using the relation R g ) 0.203(k B T/ 6η s D bulk ) 30 and measured value D bulk ) 0.47 ( 0.03 µm 2 /s. The results of DNA diffusivity vs channel height are shown in Figure 3a . We also plot the blob theory scalings with both Zimm-blob (eq 9) and Rouseblob (eq 12) assumptions. As can be seen, the diffusivity of λ-DNA decreases with the decreasing channel height. The slope of the regression curve is 0.48 ( 0.03. This scaling is between the Zimm-blob and Rouse-blob scalings and may suggest the partial-draining nature of the blobs in our experiments.
We also compare the DNA diffusivity with those measured in our previous study. 27 Although the fitted slope of D vs h in the current study is slightly lower than that in the previous study 27 (0.55 ( 0.05) over a similar range of channel heights, they are still within the error range. However, the absolute values of DNA diffusivity are constantly higher than those reported in our previous work by about 10%. The experimental setup of the current study is identical to that of our previous study except that an extra oxygen scavenger system consisting of -D-glucose, catalase, and glucose oxidase is introduced to the experimental buffer to further suppress photobleaching and to extend the lifetime of DNA in experiments. Similar buffers have been used by the Chu group. 38, 48 We call the buffers used in the previous and the current studies as BME and GLOX buffers, respectively. A λ-DNA molecule can only be continuously observed with our experimental setup for less than 30 s without breaking in BME buffer, while it can stay intact for at least few minutes in GLOX buffer. This prolonged observation time allows us to measure the DNA relaxation time more accurately. Moreover, we cannot access the long relaxation time of BAC-DNA without the GLOX buffer.
To make sure the discrepancy in the measured DNA diffusivity is not caused by the channels or due to human error, we redo the experiments using λ-DNA with the BME and GLOX buffers in 92 and 223 nm slits and confirm that the difference in λ-DNA diffusivity still exists. Table 1 summarizes the buffer viscosities and λ-DNA diffusivity in 92 and 223 nm slits. Since everything else is identical between the current and our previous studies, we suspect that the agents of the oxygen scavenger system may have slightly changed either the solvent quality or the persistence length of the DNA. We briefly check these two factors independently. If solvent quality becomes worse, a DNA coil shrinks and diffuses faster. However, blob theory predicts that if the solvent quality becomes worse and thus ν 3d becomes smaller, the diffusion coefficient should become more strongly dependent on the channel height. Such effect is not seen in our experiments because the diffusion coefficient becomes more weakly dependent on the channel height once GLOX buffer is used (see Figure 3a) . On the other hand, we notice that the diffusivity of DNA is proportional to b -2/5 in bulk solutions, 30 while blob theory predicts D ∼ b -2/3 in a slit. Thus, a 13% reduction in the persistence length will result in an increase of DNA diffusivity for 6% in bulk solutions and 10% in confinement. This picture is consistent with our results (see Table 1 ); however, we cannot fully confirm our explanation due to the magnitude of the error associated with the measured bulk diffusivity.
The relaxation time vs channel height is shown in Figure 3b . We also plot blob theory scalings with both Zimm-blob (eq 8) and Rouse-blob (eq 11) assumptions. The experimental relaxation time follows the slope of -0.92 ( 0.08 that again falls between the predicted scalings with Zimm-blob (-7/6) and Rouse-blob (-1/2) but is closer to Zimm scaling. With the above results, it is tempting to conclude that the blobs are partialdraining. However, we notice that the scalings of D and τ 1 vs h also depend on the values of ν 2d and ν 3d (see eqs 8, 9, 11, and 12). Therefore, we cannot draw the conclusion before ν 2d and ν 3d are independently verified.
Relaxation Time and Diffusivity Scalings vs DNA Molecular Weight.
The relaxation time and the diffusivity of DNA with different molecular weights are measured in 475 nm slits. The DNA diffusivity is found to be inversely proportional to its molecular weight (see Figure 4a ). This result agrees with our previous study and with the predictions given by both eq 9 and eq 12. It indicates that hydrodynamic interactions are totally screened between blobs but provides no information about hydrodynamic interactions within blobs. Figure 4b compares DNA relaxation times vs their molecular weights relative to the molecular weight of λ-DNA. The slope of the best fitted line over the experimental data is 2.45 ( 0.04, very close to the theoretical value 2.5 predicted by eqs 8 and 11. As discussed in an earlier section, this 2.5 power prediction arises from the assumptions of 2D SAW of blobs and absence of hydrodynamic interaction between blobs. Since the latter assumption has been confirmed, we can infer that DNA blobs in our system confined in a thin slit do follow a 2D SAW.
Verification of Assumptions Made in Blob Theory.
As we have pointed out in earlier sections, it is important to verify the values of ν 2d and ν 3d in order to fully test de Gennes' assumptions, and this can be achieved by examining the scalings of Dτ 1 with N and h, respectively. As can be seen in Figure  5a ,b, Dτ 1 ∼ N 1.48(0.06 h -0.45(0.06 . Comparing eq 13 with the experimental scaling Dτ 1 ∼ N 1.48 , we can calculate ν 2d,exp to be 0.74 (0.739). Then, substituting ν 2d,exp to eq 13 and comparing it with Dτ 1 ∼ h -0. 45 , we obtain ν 3d,exp to be 0.60 (0.603). The numbers in ( ) are the values of ν 2d,exp and ν 3d,exp to three significant figures to highlight the small deviation in ν 2d,exp and ν 3d,exp from their ideal values. Since Dτ 1 is only a function of R, the estimated values of ν 2d,exp and ν 3d,exp are free from the influence of the drag coefficient which contains the information on hydrodynamic interactions within blobs. Giving the error associated with our experiments, ν 2d,exp and ν 3d,exp are indistinguishable from ν 2d ) 3/4 and ν 3d ) 3/5 used by de Gennes. Therefore, the assumptions of 2D SAW of blobs and 3D SAW of segments within blobs are valid.
Substituting ν 2d,exp and ν 3d,exp into eqs 8, 11, 9, and 12, we obtain the expected scalings that have accounted for the slight deviation in ν 2d and ν 3d observed experimentally:
Comparing these scalings with experimental results in Figure  3 , we can readily confirm that blobs are partial-draining, not nondraining as de Gennes has assumed. It is also worthwhile to note that the experimental scaling of Dτ 1 with h seems to deviate considerably from de Gennes' prediction, which leads one to expect a sizable discrepancy between ν 3d,exp and ν 3d . However, ν 3d,exp is found almost identical to ν 3d . The discrepancy in the scaling of Dτ 1 with h is found to be caused by the combined effect of the slight deviations in ν 2d,exp and ν 3d,exp from their ideal values. It highlights the significance of our argument that one might be mislead to erroneous conclusions by comparing the experimental data with the blob theory scalings without noticing the convolution of several assumptions.
As we have mentioned in an earlier section, the more accurate value of ν 3d is 0.588. Therefore, we want to clear any concern that using ν 3d ) 0.588 may affect our conclusion. Substituting ν 2d ) 3/4 and ν 3d ) 0.588 into eqs 8, 11, 9, and 12, we obtain
, and D Rouse-blob ∼ N -1 . We note that the scalings of τ 1 (20)
and D with N remains the same while those with h change. Using ν 3d ) 0.588 leads to an even larger discrepancy between the experimental results and the blob theory predictions with Zimm-blob assumption. This finding reinforces our conclusion that blobs are partial-draining.
Comparison to Relaxation Times in Other
Studies. The goal of this section is twofold. First, we want to compare the DNA relaxation times measured in the current study with those reported in other studies. Second, we want to construct a master plot of DNA relaxation time and thus provide an easy way for estimating τ 1 of DNA molecules in different degrees of confinement.
If de Gennes' prediction is perfectly held, one expects (τ 1 / τ 1,bulk ) ∼ (h/R g,bulk ) -7/6 , where (τ 1 /τ 1,bulk ) depends only on the degree of confinement, but is independent of the polymer molecular weight, M. Here M is equivalent to N defined in an earlier section. To reach the above formula, we have used τ 1,bulk ∼ M 1.8 and R g,bulk ∼ M 0.6 . 30, 48 Since we observe deviation from de Gennes' prediction in our experiments, we use measured scalings and reach a similar formula: (τ 1 /τ 1,bulk ) ∼ M 0.1 (h/ R g,bulk ) -0.92 . Because of the very weak M dependence, we are able to construct a master plot for comparison and estimation of the relaxation time of a DNA under different degrees of confinement. We collect the data from this study, Randall and Doyle, 21, 22 Randall, 23 and Bakajin et al. 17 and plot (τ 1 /τ 1,bulk ) vs (R g,bulk /h) in Figure 6 . The bulk values of the longest relaxation time τ 1,bulk and the radius of gyration R g,bulk are estimated using τ 1,bulk ) 0.1η s (M/M λ-DNA ) 1.8 s , and R g,bulk ) 0.7(M/M λ-DNA ) 0.6 µm. 38, 39, 48 η s is the solvent viscosity in the unit of centipoise (cP). We note that the DNA relaxation time collected from other studies were all measured from the relaxation of initially stretched DNA. To estimate the relaxation times of T4-DNA in Bakajin et al., 17 we have used where X 2 is the stretch square obtained from their Figure 4 , X 0 2 is the equilibrium value of X 2 , and A is a free parameter. We find τ 1 ≈ 2.5, 3.6, and 6.8 s in 5 µm, 300 nm, and 90 nm slits, respectively. These values are in agreement with their qualitative description that the relaxation time of a T4-DNA was doubled when the slit height decreased from 5 µm to 300 nm and was doubled again when h decreased from 300 to 90 nm.
As can be seen in Figure 6 , all our data and those of Randall and Doyle fall along the dashed line within a narrow band for R g,bulk /h > 0.5. The dashed line with the slope of 0.92 is the regression over measured τ 1 of λ-DNA in different channels from the current study. τ 1 of other sizes of DNA measured in 475 nm high channels also agree well with the regression. In order to further verify the master plot, we also measure the rotational relaxation time of T4-DNA in a 1 µm slitlike glass channel (donated by U.S. Genomics). The result is shown as the black down-triangle in Figure 6 , and it does follow the dashed line closely. The results of Randall and Doyle spread in the region where DNA is less confined. Their results start to deviate from the dashed line at R g,bulk /h ≈ 0.5 , where the channel height is equal to the unconfined coil size of a DNA. Although the transition is very smooth, it indicates where blob theory starts to break down. On the other hand, the relaxation times estimated from Bakajin et al., although in qualitative agreement with our results, deviate significantly from the master curve. The cause of this discrepancy is not yet clear, but we suspect that it is because the data of Bakajin et al. are singlechain results. Because of molecular individualism, 49 even physically identical molecules can behave differently under identical conditions. Therefore, accurate results are only accessible through analysis of an average of many single-chain results. Another possible cause of this discrepancy is that Bakajin's data only covered the normalized chain extension X h from 0.6 to 0.2 while the true relaxation time is only accessible near equilibrium. X h is defined as the ratio of DNA stretch to its contour length. In single-molecule studies, the relaxation time is typically fitted where X h is smaller than 0.3. We also note that one tends to obtain a relaxation time smaller than the true relaxation time when monitoring the relaxation of an initially highly stretched chain in good solvent. The reason is that although the excluded volume has strong effect on the relaxation time of a chain, it has little effect even when X h is around 0.3. 5.6. Effective Relaxation Time for Confined DNA. A polymer will be deformed from its equilibrium when Weissenberg number Wi ) τ effective γ is larger than one. Although τ effective is typically taken as the longest relaxation time τ 1 in bulk, this is not always true for a confined polymer. For a chain confined in a slit, if the flow gradient is imposed over the xy plane (z direction is the smallest dimension), τ effective is indeed equal to τ 1 . As a result, long DNA will be stretched much easier than short DNA because τ 1 scales as N 2.5 . Such a flow condition can be generated, for instance, in a slit with a contraction in either x or y direction. 50 On the other hand, if the flow gradient is applied along z direction such as in simple shear flow or in Poiseuille flow, all confined chains, regardless their size, will start to deform from equilibrium at the same critical strain rate. This is because the flow gradient is only applied over the size of a blob where τ blob is the governing time constant at this length scale, and τ blob depends only on the channel height but not on DNA molecular weight. 14 While we cannot measure τ blob directly, we can estimate it given that τ 1 is known. For instance, Balducci et al. 27 have estimated the R g of a M13mp18 DNA (7.2 kbp) to be 240 nm. Therefore, a blob in a 475 nm ( ∼ 2 × 240 nm) slit will contain [21] [22] [23] The cross symbols are estimated from Bakajin et al. 17 The diamond, round, up-triangle, down-triangle, and square symbols represent 1/2-λ-DNA, λ-DNA, 2λ-DNA, T4-DNA, and BAC-DNA, respectively. Except for the current study, the longest relaxation times of DNA were measured by observing the relaxation of an initially stretched DNA.
(X 2 -X 0 2 ) ) A exp(-t/τ 1 )
roughly 7.2 kbp. Since we have shown blobs follow a 2D SAW, the relaxation time of a blob can be related to its longest relaxation time by τ 1 ) N blob 2ν 2d +1 τ blob . 24, 32 Using τ 1,BAC-DNA,475nm ) 11.1 s and the experimental scaling 2ν 2d + 1 ≈ 2.48, we obtain τ blob,475nm ≈ 3.5 × 10 -3 s . Therefore, if one wants to deform a linear DNA confined in a 475 nm slit with a shear flow, a shear rate of at least 300 s -1 is required. We can roughly verify this value of τ blob by comparing it with the relaxation time of a 7.2 kbp DNA in bulk solutions. Using τ 1,λ-DNA ) 0.1 s in water with Zimm scaling in good solvent, we obtain τ 1,7.2kbpDNA ≈ 3.3 × 10 -3 s that is a little lower than the estimated τ blob,475nm .
Having the above idea in mind, we are able to explain some unusual observations reported in recent literature. 8, 50 For instance, Larson et al. 50 characterized the average stretch of BAC-DNA (R g,bulk ≈ 1.6 µm) confined in a 1 µm glass slit in Poiseuille flow. A significant rise in BAC-DNA stretch was observed from a gap averaged shear rate γ ≈ 250 s -1 , and the DNA stretch did not reach a plateau until γ ≈ 6000 s -1 . We estimate τ 1 ≈ 4 s and τ blob ≈ 0.04 s. Therefore, if one naively uses τ 1 as τ effective , DNA seems to be undeformed until Wi ≈ 1000, and its stretch does not saturate until Wi ≈ 24 000! However, using τ blob as τ effective , we find that DNA starts to stretch at Wi ≈ 10 and its stretch saturates at Wi ≈ 240. It is not surprising that DNA did not start to deform at Wi ≈ 1 since the velocity gradient is nonuniform in Poiseuille flow. Similarly, Stein et al. 8 measured the mobility of λ-DNA in Poiseuille flow in a 250 nm high slit (see their Figure 1 ). The gap averaged shear rate was around 90 s -1 while no flow-induced deformation of DNA was observed. Again, if τ 1 ≈ 0.7 s is used, Wi ≈ 60, while we estimate the true Wi ) τ blob γ ≈ 0.06. The same phenomenon has been predicted and discussed by Jendrejack et al. 14, 51 for DNA confined in square channels. Woo et al. 20 also demonstrated in simulations that the tumbling dynamics of DNA is hindered in confinement, and the dominating time constant of the tumbling dynamics is much smaller than the longest relaxation time measured in the xy plane.
Conclusions
In summary, we have measured the diffusivity and the longest relaxation time of DNA confined in siltlike nanochannels and find τ 1 ∼ M 2.45 h -0.92 . Comparing the experimental results with the predictions given by blob theory, we find that DNA blobs follow a 2D self-avoiding walk, and DNA segments within blobs follow a 3D self-avoiding walk. However, the assumption that hydrodynamic interactions dominate within blobs is found to be compromised. Our results indicate that blobs are partialdraining in the channels that we investigate. We expect that the assumption of nondraining blobs might become valid in the limit that a very long polymer confined in a large slit. In that case, there are enough polymer segments within a blob to induce very strong intersegment hydrodynamic interactions. Using the experimental scalings, we find (τ 1 /τ 1,bulk ) ∼ M 0.1 (R g,bulk /h) 0.92 . The very weak M dependence allows us to provide a master plot of (τ 1 /τ 1,bulk ) vs (R g,bulk /h). Relaxation times of confined DNA reported in other studies are collected in the master plot for comparison. Our results are in good agreement with those of Randall and Doyle, [21] [22] [23] but not with those of Bakajin et al. 17 We also addressed how the longest relaxation time and the blob relaxation time of DNA are related and when they are the dominant time constant in different flow conditions. We explain the recent observations that extreme high shear rate is required to deform a confined DNA using the blob picture.
